When the photosynthetic production of dioxygen started on earth. a fundamental requirement for respiration was fulfilled. and evolution eventually led to the forniation of oxidases. among which today cytochrome c oxidase is by far the most important. However, life also needed protection against the potentially harmful intermediates o f oxygen reduction. Thus. catalase. which catalyses the decoinposition of hydrogen peroxide. and peroxidases. which forin water from hydrogen peroxide. developed.
All the abovementioned enzyines contain at least one haein group. Cytochroine c oxidase has four metal centres. two haeni a and two copper ions per functional unit ( f o r introductions to the oxidase. see Brunori et al., 198 1: Malmstrtirn, 1982: Chan ct a!., 1983). The most studied pcroxidascs. on the other hand. have only one haem in their functional unit (Dun ford & Stillman. 1976 ). However. a niore primitive peroxidase. from Psnidornorias aerugitiosa. contains two haem c in one polypeptide chain (Ellfolk & Soininen, 1970) .
In our laboratory both cytochronie c oxidase and Psncdorriotius cytochrome c peroxidase have been studied extensively. to a large part with the e.p.r. technique. This paper will present and discuss some recent results on these proteins in a comparative fashion. concentrating on the haciiis. As will be seen. the proteins have many features in coninion. which may be a reininiscence of their early evolutionary history.
Materials arid methods
('ytochrome c oxidasc and peroxidase were prepared from beef heart and Ps. aenrgitiosa 3s described earlier (Hlf*olk Xr Soininen. 1970 : Van Buuren. 1972 ). E.p.r. spectrv were recorded with yxctrometers f r o m Varian (E-3 and E-9 X-band and V-4503 Q-band) and from Bruker . For low-temperature work Oxford Instrunicnts ESR-9 and ESR-10 accessories were used. React ions were followed by the rapid-freeze technique and for cytoclirome c oxidase with the technique originated by Chance ct al. ( 1975) .
Rcsitlts arid discussion
Hucwi rioniericluturc. The two haeins of cytochronie c oxidase are denoted cytochrome u3 and a. the former originally defined as the one reacting with CO in its reduced form. The haems of cytochrome c peroxidase are easily distinguished through the difference in their Fe3'/Fe2+ reduction potentials (Ellfolk et al.. 1983) . and are designated haem CHP and haetn c~~ for the high-and lowpotential haem. respectively. One of them, haeiii cLp. reacts with CO in its ferrous state.
IIacm co-ordiriatioii arid spin states. As prepared. the haems of both enzymes are all ferric. Cytochrome a and liaetn cHp have two axial ligands provided by the protein.
His-His and His-Met. respectively. Their e.p.r. spectra are typical of low-spin haenis. with g, = 3.0 ( Fig. la) and 3. I S 3.26 (Fig. 7) . CuA and cytochroine a are largely reduced and the g z = 3 peak is now due to cytochrome c3+. Some high-spin cytochrome u33+ is also detectable ( g = 6). I f 10 inM-cyanide is added with cytochroine c ( c ) the situation is essentially the same at 20 ms. However. with 5 s reaction time (d and c ) much more cytochrome c is oxidized in the absence ( d ) than in the presence (e) of cyanide. Note that the gz = 3.6 peak (arrow) due to cytochroine a 3 3 +~-CN is sniall, which indicates that CuB is oxidized, making cytochrome a3 undetectable (Jensen et al.. 1984) .
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Fig. 2. E.p.r. spectra of the different forms of Pseudomonas cytochrome c peroxidase
The oxidized. resting enzyme (a) has two low-spin haem peak at g, = 3.26 and 2.95 due to haem cHP and cLp, respectively. On partial reduction with NADH, using azurin and phenazine niethosulphate as mediators (b), the spectrum of haem cLp is changed (g, = 2.83). On addition of hydrogen peroxide ( c ) two new peaks appear in addition t o those of the resting enzyme and oxidized azurin. The low-spin peak at g, = 3.15 is due to haem cFp in compound I, whereas the g = 3.5 peak is associated with compound 11. in which both haems are ferric. This is not a normal low-spin peak, since it is very difficult t o saturate. (Fig. 2a ) similarly give n o evidence for interaction. However, the line-width of the n.m.r. spectrum (J. h g s t r i i m , unpublished work) is indicative of a weak coupling. Furthermore, in compound I1 o f this protein, in which both haems also are ferric (Ellfolk et a l , 1983) , a relatively strong magnetic interaction exists between the two haems. This results in an e.p.r. peak ( Fig. 2c) with unusual relaxation behaviour, and its temperature dependence (R. Aasa & T. VCnngard, unpublished work) indicates an exchange coupling of the order of lOcm-'. This requires that the inter-haem distance is quite small, probably less than 0.5 nm. The larger distance in cytochrome c oxidase may reflect that its Anion binding. Cytochrome a3 and haein cLp bind CN-, N; and F-, preferentially in the ferric state. Optical kinetic studies by Jones et al. (1984) showed that a rapid reaction between CN-and cytochronie a?+ occurred only after cytochrome a had been reduced. The rate becomes high, about lo6 M-I s-l, indicating that cytochrome a3 now has an easily exchangeable sixth ligand or is five-coordinated. Recent e.p.r. investigations in our laboratory by Jensen et al. (1984) have shown that it is indeed sufficient to reduce cytochrome a (and possibly Cu,) to obtain a rapid reaction a t the cytochronie a3 site (Fig. 1) . Similarly, it has been shown that cyanide reacts with haem cLp only when haem cHP is reduced (Ellfolk et al., 1984) . Thus, for both proteins it seems that the conformation around that haem which reacts with dioxygen or hydrogen peroxide is closed in the resting, oxidized enzyme, but opens when the electron-accepting haeni is reduced. The purpose of this phenomenon is not clear, but it may be a protection mechanism, which does not allow a reaction with hydrogen peroxide until enough reducing equivalents are present in ~.
the protein.
Fe3+/Fe2+ reduction potentials. In cytochrome c oxidase the haem potentials are 220-400mV, so that both haems are reducible by cytochrome c. This is a recluireinent of the function of the enzyme, since dioxygen can react with cytochrome a3 only after it has been reduced t o the ferrous state. For cytochrome c peroxidase the situation is different (Ellfolk et al., 1983) . Haem cHP has a potential of about + 300 mV and can, like cytochronie a, accept electrons from cytochrome c. Haem cLp, on the other hand, with a potential around -3OOmV, cannot be reduced by cytochrome c; this haem, like in other peroxidases, reacts with hydrogen perioxide in its ferric state (Ellfolk et al., 1983) .
Haem-haem interactions affecting redox properties have been inferred for cytochrome c oxidase froin its e.p.r. spectra in titrations, as discussed for example by Brunori et al. (1981) ; reduction of one haem decreases the potential of the other. In cytochrome c peroxidase, any redox interaction would go unnoticed because of the large difference in the haem potentials. However, we have found (N. Ellfolk, M. Ronnberg, R. Aasa & T. VCnngilrd, unpublished work) that cyanide binding to haein cLp3+ seems to increase the potential of haem cHP. suggesting some kind of redox interaction.
The resting form is inactive. The resting, oxidized form of both enzymes is inactive due to a low electron-transfer rate. For cytochrome c peroxidase, the transfer from reduced azurin. which probably also is a substrate in vivo, t o haem cHP is maximally 0.6s-' in the resting protein (Ronnberg et al., 1981a) , but increases to several hundreds per second at SOpM-azurin for the reduction of both compounds I and I1 (Ronnberg et al., 1981b) . In cytochrome c oxidase, on the other hand, the transfer from the substrate cytochrome c t o cytochrome a and CuA is fast in the resting form, but the intramolecular transfer to cytochrome a3 is slow, and it takes seconds before its rate acquires the turnover value (Brunori et al., 1981) .
The mechanism of dioxygen and hydrogen peroxide reduction. The mechanisms illustrated in Fig. 3 are t o a large part based on e.p.r. studies in our own laboratory. For cytochrome c peroxidase, the discussion essentially follows that given by Poulos & Kraut (1980) . The process can be divided into three steps with the following characteristics.
(1) For cytochrome c oxidase. after the initial binding of dioxygen (not shown here), dioxygen is reduced to the peroxide level in a two-electron process with the subsequent stabilization of peroxide in intermediate I. C U B is essential for both these events. For cytochrome c peroxidase, the scheme starts with haem c H P reduced. since hydrogen peroxide reacts only when this haem is reduced (Araiso el a/.. 1980). As the potential of haem cLp is low, the peroxide is sufficiently stabilized through hydrogen bonding to a nearby histidine, probably the same residue that provides an iron ligand at low temperatures. This residue may also bind one proton from the incoming hydrogen peroxide.
( 2 ) Heterolytic cleavage of the 0-0 bond leaves iron formally in the Fe (V) state. One electron is rapidly transferred from the other haem (or Cu,) to give a ferryl haem with one of the oxygen atoms co-ordinated (intermediate I1 and compound I). The other oxygen either leaves as water (peroxidase) or remains bound to CuB as a hydroxyl with hydrogen bonding to the ferryl oxygen (intermediate I I of cytochrome c oxidase). This latter structure was suggested by Hansson et al. (1982) from the e.p.r. spectra and the oxygen isotope effect for this species (Fig. 4) , although an alternative formulation involving Fe2+ cannot be excluded (Malmstrom, 1983) . In the absence of reducing substrate, compound I is relatively stable at room temperature, whereas intermediate I1 is stable only at low temperatures.
(3) Additional electron transfer, intramolecular in cytochrome c oxidase or from the reducing substrate in cytochrome c peroxidase. leads to the reduction of the ferryl ion and the formation of intermediate 111 or coinpound 11, respectively. Although both these enzyme forms formally are at the same oxidation state as the resting, oxidized enzymes, they have some unique properties. Thus, there is a magnetic interaction evident in the e.p.r. spectrum o f compound 11 (Fig. I) , and intermediate IIJ lacks an optical band at 650nm. which is present in the resting, oxidized protein as discussed by Malrnstrom (1982) . This last step completes the reduction of dioxygen or hydrogen peroxide. The subsequent steps to reform the species at the top of Fig. 3 involve electron transfer from the reducing substrate, in this context presenting no particular mechanistic problem.
Concluding remarks
There seems to be a stronger spectral interaction between the two haems in cytochrome c peroxidase than in the oxidase, probably because of a smaller haem-haem distance. However, sonie striking similarities between the enzymes appear. Both proteins have a closed conformation around one haem. which becomes open on reduction of the other. Mechanistically, they are inactive in the resting form with certain steps having a low electron-transfer rate, and the reduction from the peroxide levels has a similar nature. It appears that elucidation of the structural and mechanistic details of cytochrome c peroxidase might contribute to our understanding of the oxidase also. The four-line spectrum shows that Cu, is involved, but the unusual shape (no 'perpendicular' features are observed; tile trough a t = 2 does not belong to the spectrum) and relaxation behaviour can only be explained (Hansson et al., 
Summary
Beef heart cytochrome c oxidase contains two cytochromes, a and a 3 , and Pseudomonas aemginosa cytochrome c peroxidase has one high-and one low-potential c haem, cHp and cLp. The parallelism in co-ordination and spin states between cytochrome a and haem cHp on the one hand and between cytochrome a3 and haem cLp on the other is illustrated. The two latter haems become accessible to cyanide, when the former are reduced. Such reduction also leads to an activation of the enzymes. Mechanisms are presented in which ferry1 forms of cytochromes a3 and
